Germ-line stem cells (GSCs) are maintained by the somatic microenvironment, or GSC niche, which ensures that GSCs can both self-renew and produce functional gametes. However, it remains unclear how the proper niche size and location are regulated within the developing gonads. In the Drosophila testis, the hub cells that form the GSC niche are derived from a subset of somatic gonadal precursors (SGPs) in the anterior portion of the embryonic gonad. Here we show that Notch signaling induces hub differentiation. Notch is activated in almost all SGPs in the male embryonic gonad, but Epidermal growth factor receptor (Egfr) is activated in posterior SGPs to repress hub differentiation, thereby restricting the expansion of hub differentiation in the embryonic gonad. We further show that Egfr is activated in posterior SGPs by Spitz ligand secreted from primordial germ cells (PGCs), whereas the Notch ligand Serrate is expressed in SGPs. This suggests that varying the number of PGCs alters niche size. Indeed, a decrease in the number of PGCs causes ectopic hub differentiation, which consequently increases their opportunity to recruit PGCs as GSCs. When ectopic hub differentiation is repressed, the decreased number of PGCs fails to become GSCs. Thus, we propose that SGPs sense PGC number via signals from PGCs to SGPs that modulate niche size, and that this serves as a mechanism for securing GSCs. (4) , and testis (5, 6) , as well as the mammalian skin epidermis (7) , hematopoietic system (8) (9) (10) , and neural tissues (11) (12) (13) . To maintain proper tissue architecture, the number of stem cells and the proper placement of their niche in a tissue are crucial. For example, misregulation of niche formation results in tissue degeneration or tumor-like morphological abnormalities (8, 9, (14) (15) (16) (17) (18) . Although the role of niches in the maintenance of stem cells and tissue homeostasis has been well-studied, relatively little is known about how niche size and location are precisely regulated during development.
One of the best-characterized stem cell niches is found in the Drosophila testis, in which easily identifiable germ-line stem cells (GSCs) and their niche cells maintain the continuous production of sperm. At the apical tip of the testis, GSCs lie in intimate contact with somatic niche cells, or hub cells, which send the selfrenewal signal Unpaired (Upd), a ligand that activates Jak/STAT signaling pathway in the neighboring GSCs (5, 6, 19) . When a GSC divides, the daughter remaining in contact with the hub cells maintains stem cell identity, while the daughter that is displaced from the hub receives a weaker signal and initiates spermatogenesis.
GSCs are derived from pole cells that form in the posterior pole of early embryos (20) . They migrate into the interior of the embryo and associate with somatic gonadal precursors (SGPs) to form the embryonic gonad, then become primordial germ cells (PGCs). At this early stage, the embryonic gonad is already sexually dimorphic (21, 22) . In male embryos, hub cells are specified from the anterior SGPs at the end of embryogenesis (23, 24) . These hub cells send a short-range signal, Upd, to the neighboring PGCs to recruit them as GSCs, whereas PGCs that do not associate with hub cells undergo spermatogenesis (24) . In contrast, in females, GSCs and their niche are formed later in third-instar larvae (25, 26) .
We have previously reported that the receptor tyrosine kinase (RTK) Sev is required to ensure that the niche develops in the anterior region of the male embryonic gonads (17) . Sev is expressed in the posterior SGPs and is activated by the Boss ligand emanating from PGCs to prevent ectopic niche differentiation in the posterior SGPs. However, Sev is not sufficient to repress hub differentiation in the anterior gonad (17) , suggesting that another signaling pathway has a central role in restricting hub differentiation to the anterior SGPs. These findings also suggest that both posterior and anterior SGPs have the capacity to contribute to hub differentiation, but the mechanisms by which they do this remain elusive.
In this study, we demonstrate that Notch and Epidermal growth factor receptor (Egfr) signaling act antagonistically to regulate hub differentiation in the male embryonic gonad. We show that Notch is activated in almost all SGPs to induce hub differentiation. Notch is activated by Ser ligand emanating from SGPs. In contrast, activation of Egfr in posterior SGPs by Spitz ligand secreted from PGCs is necessary and sufficient to repress hub differentiation. Thus, anterior and posterior SGPs become competent to differentiate into hub cells through Notch-mediated interactions between SGPs, whereas PGCs signal to SGPs through Egfr and Sev to restrict hub differentiation to anterior SGPs. We further show that a decrease in the number of PGCs enhances ectopic hub formation, which in turn increases the recruitment of PGCs as GSCs. Thus, regulatory interactions between PGCs and SGPs ensure that the proper number of GSCs is generated within the male gonads.
Results and Discussion
Notch Signaling Pathway Induces Hub Differentiation in the Male Embryonic Gonad. We tested the role of Notch signaling in hub differentiation within the male embryonic gonad, because Notch signaling pathway is required for stem cell maintenance and niche formation in various systems (3, 16, 26, 27) . Notch expression was detectable in almost all SGPs from stage 12 until at least the end of embryogenesis in the male embryonic gonad (Fig. 1A) .
To determine whether Notch is required for hub differentiation, we examined the expression of Fasciclin 3 (Fas3) in Notch mutant embryos. Fas3 is expressed in hub cells from embryogenesis until adulthood (23, 28) , and therefore is a good marker for hub cell identity (17) . In wild-type embryos, Fas3-positive SGPs were observed only in the anterior region of the male embryonic gonad from stage 15 onward (Fig. 1F) . Notch 264-39 and Notch 5419 null mutant gonads had a normal number of SGPs, and their overall morphology was indistinguishable from wild type during stage 13-16 ( Fig. 1 G and M) . However, they began to degenerate at stage 17. In Notch 264-39 mutant embryonic gonads, hub differentiation was severely impaired, with the number of Fas3-positive cells reduced compared with wild type (Fig. 1 G and M) . Conversely, when Notch activity was up-regulated in SGPs throughout the gonad by expression of the Notch intracellular domain (Notch ICD ), ectopic Fas3-positive cells were observed in the posterior of the gonad, and the number of Fas3-positive cells was significantly increased (Fig. 1 H and M) . Based on these observations, we conclude that Notch is necessary and sufficient to induce hub differentiation throughout the male embryonic gonad.
Because anterior SGPs contribute to hub differentiation during normal embryogenesis, we expected that Notch would be activated only in the anterior SGPs. To detect Notch activation, we expressed a Notch ICD -GAL4 transgene under the control of a heat-shock promoter (hsp70-N-GV3) to activate a UAS-GFP reporter construct (29) . Unexpectedly, GFP was detected in almost all SGPs in the embryonic gonad (Fig. 1B) , indicating that Notch is active in both the posterior and anterior SGPs of the male embryonic gonad.
It has been reported that Notch is activated by binding to ligands encoded by Delta (Dl) or Serrate (Ser) (30) . We detected Ser RNA in SGPs throughout the male embryonic gonad during stage 14-16 ( Fig. 1C) , whereas Dl-lacZ expression was undetectable ( Fig. 1D ). Consistent with these observations, the number of Fas3-positive cells was significantly decreased in Ser null (Ser RX106 and Ser 94C ) mutant embryos, compared with control ( Fig. 1 I, J , and M), whereas Dl mutations did not affect hub differentiation ( Fig. S1 A and B) . These results suggest that SGPs produce Ser ligand to activate Notch. This is further supported by several lines of evidence. First, hub differentiation occurs even in the absence of PGCs (17, 31) . Second, forced expression of Ser in SGPs, but not in PGCs, is able to rescue hub differentiation defects in Ser mutants ( Fig. 1 K and M) . Third, neuralized (neur), which encodes an E3 ubiquitin ligase required for Ser activation in the signal-sending cells (30, 32) , is expressed in almost all SGPs during stage 13-16, but not in PGCs (Fig. 1E) . Finally, in the absence of neur activity, the number of Fas3-positive cells is significantly decreased, as observed in Ser and Notch mutant embryos ( Fig. 1 L and M). Taken together, our observations strongly suggest that Ser/Notch signal transduction among SGPs induces hub differentiation in the male embryonic gonad.
Egfr Signaling from PGCs to SGPs Is Necessary and Sufficient to
Repress Hub Differentiation. The above observations suggest that SGPs are competent to become hub cells via the Ser/Notch sig- 
(SerRX106), neur 1 /+ (neur/+), and neur 1 /neur 1 (neur) embryos, and in Ser RX106 /Ser RX106 embryos expressing UAS-Ser in PGCs under the control of nanos-GAL4-VP16 (Ser, nos-GAL4 > UASSer) and in SGCs under the control of twist-GAL4 (Ser, twi-GAL4 > UAS-Ser). Error bars represent SD. The number of gonads examined in each case is shown in parentheses. Significance was calculated using the Student's t test (*P < 0.01; **P > 0.05). The average number of SGPs (Tj-positive cells) ± SD per gonad at stage 16 was 34.9 ± 2.6 in wild-type embryos and 32.9 ± 2.6 in N 264-39 embryos (20 gonads were examined in each case). These values were not significantly different (P > 0.05, Student's t test).
naling pathway throughout the male embryonic gonad. Because hub differentiation is restricted to the anterior SGPs during normal development, a repressive mechanism likely prevents posterior SGPs from becoming hub cells. We previously reported that Sev represses hub differentiation in posterior SGPs; in the absence of Sev activity, ectopic hub differentiation is observed. However, expression of a constitutively active form of Sev is unable to inhibit hub differentiation in the anterior SGPs (17) , suggesting that Sev is not sufficient for repressing hub differentiation. Thus, we speculate that another RTK signaling pathway has a key role in restricting hub differentiation in anterior SGPs.
Here we focused on signaling via the RTK Egfr, because sev acts together with Egfr signaling to regulate eye development (33) . We found that Egfr protein is expressed in almost all SGPs in the male embryonic gonad during stage 13-17 ( Fig. 2A) . (Fig. 2 F, G, and  N) , whereas the morphology of the gonads and the total number of SGPs were unaffected (Fig. 2 F, G, and N) . Moreover, hub differentiation, which is normally observed in anterior SGPs, was repressed by expressing a constitutively active form of Egfr (Egfr CA ) throughout SGPs ( Fig. 2 H and N) . These observations show that Egfr is both necessary and sufficient for repressing hub differentiation.
To determine whether Egfr signaling is activated in the posterior SGPs, we examined the expression of kek1, a known transcriptional target of Egfr signaling in various developmental contexts (36, 37) . We found that kek1 RNA was expressed in the posterior but not in the anterior SGPs (Fig. 2B ). This expression was abrogated by Egfr ts mutation and, conversely, overexpression of Egfr CA caused ectopic kek1 expression in the anterior SGPs (Fig. S2 A and B) , showing that kek1 expression is a readout of Egfr activation. From these observations, we propose that Egfr is activated only in the posterior SGPs in the male embryonic gonad.
We next asked which cell type (PGC or SGP) sends the signal that activates Egfr in SGPs. It has been reported that spitz (spi) encodes a ligand for Egfr, and its secretion requires stet and Star in the signal-sending cells (38) (39) (40) . We found that spi expression was restricted to PGCs in the male embryonic gonad during stage [13] [14] [15] [16] (Fig. 2C) . Similarly, expression of stet and Star was detected in PGCs (Fig. 2 D and E) . These results suggest that PGCs send a signal to activate Egfr in the SGPs.
To test whether reduction of spi, stet, and Star activity causes a similar phenotype as that observed in Egfr mutants, we used the loss-of-function mutations spi 1 with a deficiency [Df(3L)PX62], Fas3-positive SGPs were observed ectopically in the posterior of the male embryonic gonad (Fig. 2 J-L) . In spi and stet homozygous embryos, the number of Fas3-positive cells was significantly increased, compared with their heterozygous controls (Fig. 2 I , J, L, and N). These phenotypes were almost identical to that of Egfr mutant embryos ( Fig. 2 G and N) . In Star homozygous embryos, the number of Fas3-positive cells was increased to the level observed in Egfr, spi, and stet mutants ( Fig. 2 K and N) . We found that Star heterozygous gonads also showed a marked elevation in the number of Fas3-positive cells (Fig. 2N ). This dosage sensitivity suggests that Star is a limiting factor for ligand production. Taken together, we conclude that the PGCs send a signal to activate Egfr signaling in the posterior SGPs, which in turn represses their differentiation into hub cells. Consequently, hub formation is restricted to the anterior portion of the male gonad.
Egfr Signaling Is Involved in the Mechanism Securing Germ-Line Stem
Cells. We have shown that Egfr is activated in posterior SGPs by Spi ligand from PGCs. Furthermore, we have reported that Boss/ Sev signaling from PGCs to SGPs is also required to repress ectopic hub differentiation (17) . It is interesting to note that both signaling pathways are activated by ligands emanating from PGCs. This implies that varying the number of PGCs alters the niche size. In the male gonad, only a subset of PGCs in the proximity of hub cells is recruited as GSCs at around hatching, whereas the others directly undergo spermatogenesis (24, 41) . We speculate that a decrease in the number of PGCs should induce ectopic hub differentiation within the gonad, which consequently increases their opportunity to recruit PGCs as GSCs.
To address this, we decreased the number of PGCs by germ cell-less (gcl) mutation. In embryos with reduced maternal gcl activity (gcl embryos), a decreased number of pole cells are formed, but their subsequent development appears to be intact, except they have only a few PGCs in their gonads (42) (Fig. 3A) . We found that reduction in the number of PGCs induced ectopic hub differentiation in the posterior SGPs within the embryonic gonad ( Fig. 3 A and D) . When these embryos were allowed to develop to adulthood, GSCs were normally observed in the testes ( Fig. 3E and Table 1 ).
These observations suggest that the ectopic hub cells increase the recruitment of PGCs as GSCs. If this is the case, repressing the niche expansion while reducing the number of PGCs produces adult males lacking GSCs. To repress niche expansion, we overexpressed Star in PGCs. We expected Star overexpression to cause up-regulation of Spi ligand production, which consequently activates Egfr in SGPs to prevent ectopic hub differentiation. Indeed, when Star was overexpressed in PGCs of gcl embryos, ectopic hub differentiation was repressed (Fig. 3 B and C) , and the average number of Fas3-positive SGPs was statistically indistinguishable from that observed in wild-type embryos (Fig. 3D) . In adult males derived from these embryos, approximately half of the testes lacked GSCs (Fig. 3F and Table 1 ). In contrast, Star overexpression alone did not affect GSC formation (Fig. 3G and Table 1 ). These observations show that niche expansion is required to recruit a decreased number of PGCs as GSCs in the developing male gonad.
Although a decrease in the number of PGCs induces ectopic hub differentiation in gcl embryos, the adults derived from these embryos have a normal number of hub cells and GSCs. We found that the average number of hub cells and GSCs per testis ± SD were 8.5 ± 0.9 and 7.5 ± 1.2 in gcl adults, and 8.9 ± 1.4 and 7.2 ± 1.0 in wild-type adults, respectively (20 testes were examined in each case). The values were not statistically different between gcl and wild type (P > 0.05, Student's t test). Thus, we speculate that there may be another mechanism regulating the proper number of hub cells and GSCs during postembryonic development. For example, it is possible that the hub cells which have successfully associated with PGCs (GSCs) may eliminate the extra hub cells.
Role of Notch, Egfr, and Sev Signaling Pathways in the Male Embryonic
Gonad. Our data show that Notch activation is necessary and sufficient to induce hub differentiation. Notch is activated in SGPs throughout the male embryonic gonad, and its activation requires Ser expression in the SGPs. Thus, Notch/Ser signaling among the SGPs induces hub differentiation. On the other hand, hub differentiation is normally repressed in the posterior SGPs both by Egfr and Sev. Reduction of Egfr or Sev activity results in ectopic hub differentiation in the posterior SGPs. Furthermore, Egfr alone, but not Sev, is sufficient to repress hub differentiation in the anterior SGPs. Thus, we propose that Egfr, rather than Sev, has a key role in repressing hub differentiation in SGPs.
Mutants that lack both Egfr and sev do not cause a significant increase in the number of Fas3-positive cells within the embryonic gonad, compared with Egfr single mutants (Fig. 2 M and N) . This suggests that Egfr and Sev act synergistically, but not ad-ditively, to repress ectopic hub differentiation. In the developing eye, Sev sensitizes Egfr function by inactivating a repressor for a downstream gene of Egfr signaling (43) . We speculate that Sev may potentiate Egfr signaling to repress hub differentiation in posterior SGPs. We further show that Egfr is necessary and sufficient for kek1 expression in the posterior SGPs, whereas kek1 expression is unaffected by sev mutation (Fig. S2 A-C) . This suggests that Egfr and Sev differentially regulate transcription of target genes by using a different set of Ras/MAPK components. Further work will need not only to test this hypothesis but also to identify the target genes responsible for hub repression.
The question of how Egfr is activated in posterior SGPs still remains unanswered. Egfr is expressed in the anterior as well as the posterior SGPs, and spi, stet, and Star expression are all observed in PGCs. We found that kek1 expression requires the function of Abd-B (Fig. S2D) , which specifies posterior cellular identities within the embryonic gonads (44, 45) , suggesting that Abd-B is required to activate Egfr signaling pathway in the posterior SGPs. Because a constitutively active form of Egfr is able to induce kek1 expression in anterior SGPs lacking Abd-B function (Fig. S2B) , it is likely that Abd-B is involved in Egfr activation itself, although we cannot rule out the possibility that Spi ligand production is enhanced in the posterior PGCs by Abd-B function. Abd-B may enhance a tight or stable physical association between PGCs and posterior SGPs which allows signal transfer between these cell types.
It is worthwhile to note that the number of PGCs incorporated into a pair of embryonic gonads varies from one embryo to another, and ranges from 10 to 40 (46) (47) (48) . The total number of The number of gonads examined in each case is shown in parentheses. Significance was calculated using the Student's t test [*P < 0.01; **P > 0.05; # P < 0.01 (compared with wild type shown in Fig. 1M) ]. The average number of SGPs ± SD per gonad at stage 16/17 was 33.9 ± 2.8 in Egfr tsla /+ embryos and 35.2 ± 3.0 in Egfr ts embryos (20 gonads were examined in each case). These values were not significantly different (P > 0.05, Student's t test).
pole cells initially formed in blastodermal embryos is between 30 and 50. Of these, only a subset enters into the embryonic gonad, and the rest of the pole cells are eliminated by nonapoptotic cell death (49, 50) . Furthermore, pole cells are competent to undergo apoptosis, and a reduction of maternal Nanos activity, which is essential for the establishment of germ-line fate, effectively triggers programmed cell death (51, 52) . Thus, nonapoptotic and apoptotic death mechanisms eliminate aberrant and ectopic pole cells to maintain germ-line integrity. Here, we show that a decrease in the number of PGCs induces ectopic niche formation within the male embryonic gonad. The niche expansion could enhance their opportunity to recruit the decreased number of PGCs as GSCs. Indeed, we found that niche expansion is required to prevent loss of GSCs. We propose that signaling from PGCs to SGPs via Egfr acts as a key component of the mechanism securing GSCs.
It has been reported that interactions between the germ line and soma are essential for maintaining their proper ratio within the larval and adult gonad (20) . In the larval ovary, signaling from PGCs to the somatic cells via Egfr positively regulates the number of somatic cells (53) . In turn, the somatic cells negatively regulate PGC number by an unidentified signal transduction mechanism. Thus, positive and negative regulatory loops ensure that a sufficient number of PGCs occupy the niche to secure GSCs within the larval ovary. Furthermore, Egfr-mediated signaling from the germ line also facilitates their encapsulation by somatic support cells, which is essential for the germ-line cells to differentiate properly into gametes both in ovaries and testes (39, (54) (55) (56) . In addition to Egfr pathway, Notch-mediated signal transduction from GSCs to the corresponding niche cells is essential for maintaining the number and function of the niche cells in ovaries (16) . We now show that Notch and Egfr signaling act antagonistically to regulate proper formation of the GSC niche in male gonads earlier during embryogenesis. This study provides a striking example of how somatic gonad cells communicate with neighboring cells, including PGCs, to dynamically modulate niche formation during gonad development.
Materials and Methods
For fly stocks and in situ hybridization, see SI Materials and Methods.
Immunostaining. Immunostaining of adult testes, embryos, and larvae was performed as previously described (17) . Primary antibodies used were rabbit anti-Vas (a gift from P. Lasko, McGill University, Montreal, Canada, and A. Nakamura, RIKEN, Kobe, Japan) at 1:300, guinea pig anti-Tj (a gift from D. Godt, University of Toronto, Toronto, Canada) at 1:2,000, mouse anti-GFP (Sigma) at 1:300, rabbit anti-GFP (Molecular Probes) at 1:500, mouse antiEgfr (E2906; Sigma) (40-1a ; DSHB) at 1:50, and mouse anti-ADD87 antibodies (1B1; DSHB) at 1:50. Secondary antibodies used at 1:500 were goat anti-mouse, goat anti-rabbit, and goat antiguinea pig conjugated to Alexa488, Alexa568, and Alexa647 (Molecular Probes). Sexual identity of embryos and larvae was determined by immunostaining for either Sxl expression, the presence of hub markers (Fas3), or by examining inheritance of an X-linked Kr-GFP transgene using an anti-GFP antibody (17) .
Quantification of Fas3-Positive Cells and GSCs. To count the number of Fas3-positive cells, embryos and adult testes were double-stained with anti-Fas3 antibody and anti-Tj, and were examined by confocal microscopy. The number of Fas3-and Tj-double-positive cells was then counted. The number of GSCs in adult testes was counted as described previously (17) . /Dl 6B embryos (20 gonads were examined in each case). These values were not significantly different (P > 0.05, Student's t test). 
